Introduction {#s1}
============

Oxidative stress or generation of oxygen free radicals during aerobic metabolic process \[[@R01]\] is one of major causes for cellular damage/dysfunction. Accumulating data suggest that such oxidative stress could be a primary cause of various renal cell injury/damage as well \[[@R01], [@R02]\]. Those include acute renal injuries by ischemia/reperfusion, nephrotoxic agents, or even by extracorporeal shock wave lithotripsy that is one of therapeutic procedures for removal of kidney stones \[[@R03], [@R04]\]. Thus, many renal diseases/disorders due to real cell injury are somehow linked to the certain degrees of oxidative stress.

In fact, renal cell injury is also considered a major risk factor for crystal deposition in the kidneys (nephrolithiasis) \[[@R05], [@R06]\]. In particular, calcium oxalate (CaOx) is a key element in the most common form (\> 75%) of kidney stones \[[@R07]\] but a binding of CaOx crystals to the renal tubular epithelium is believed to be required for the ultimate stone development \[[@R08]\]. In addition, renal cell injury appears to be pre-requisite for such CaOx binding to the urothelium \[[@R09], [@R10]\]. In other words, no (CaOx) stone development is possible unless CaOx crystals bind to the renal tubular cells that were already injured or damaged. Actually, crystallization of CaOx forms or becomes "CaOx monohydrate (COM)" \[[@R05], [@R10]\], which has been shown to facilitate a stone formation through oxidative stress.

If oxidative stress were indeed the critical factor for such kidney stone formation, it is plausible that antioxidants might be able to prevent or reduce the incidence of nephrolithiasis. In fact, antioxidant enzymes such as catalase and superoxide dismutase and chemical (non-enzymatic) antioxidant, vitamin E, have been shown to effectively reduce oxidative stress, resulting in decreased renal cell injury and crystal deposition in the kidneys \[[@R11]\]. Our previous study also demonstrated that a potent antioxidant, N-acetylcysteine (NAC), was capable of significantly (\> 70%) preventing and reducing chemically induced CaOx crystal formation in rats \[[@R12]\].

Besides NAC, we were also interested in studying a natural agent that was capable of preventing kidney stone formation and came across a bioactive mushroom extract called "PE" isolated from Poria mushroom \[[@R13]\]. This mushroom is not a new mushroom but is one of well-established medicinal mushrooms, which has been used in traditional Chinese medicine (TCM) for 2,000 years. The major chemical constituents of PE such as triterpenes, polysaccharides, and steroids have been also identified \[[@R13], [@R14]\]. A number of studies revealed that PE had renoprotective, antitumor, immunomodulatory, antibacterial, antioxidant, anti-hyperglycemic, anti-inflammatory, diuretic effects and so forth \[[@R15]\]. We are particularly interested in its renoprotective and antioxidant activities, which may help reduce the incidence of kidney stones induced by oxidative stress.

Accordingly, we investigated if PE with possible antioxidant activity would protect renal cells from oxidative stress exerted by COM. Additionally, we also explored the protective mechanism of PE against such oxidative stress. More details are described and the significant findings are also discussed herein.

Materials and Methods {#s2}
=====================

Cell culture {#s2a}
------------

The renal tubular epithelial LLC-PK~1~ cells (American Type Culture Collection, Manassas, VA) were employed as our experimental model *in vitro*. They were maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum, penicillin (100 units/mL), and streptomycin (100 μg/mL). Cells were incubated at 37 °C in a 5% CO~2~ and 95% air. Routinely, culture medium was changed every 3 - 4 days and the passage of cells was performed weekly.

Experiments using COM and PE {#s2b}
----------------------------

Crystals of COM were purchased (Sigma-Aldrich, St. Louis, MO) and suspended with phosphate-buffered saline (PBS) to obtain a uniform slurry COM solution (20 mg/mL). PE (Poria mushroom extract) was a gift from the manufacturer (Mushroom Wisdom, Inc., East Rutherford, NJ) and dissolved in H~2~O to prepare a PE stock (25 mg/mL). Hydrogen peroxide (H~2~O~2~) was used as a positive control for exerting oxidative stress in this study. For experiments, cells (2 × 10^5^ cells/mL) were first seeded in the six-well plates or T-75 flasks for 24 h and treated with the specified concentrations of H~2~O~2~, COM, PE or their combinations for another 24 h (specific experimental conditions were also described in Results). Cell viability was then determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay described below.

Cell viability test (MTT assay) {#s2c}
-------------------------------

Cell viability was determined by MTT assay following the vendor's protocol (Sigma-Aldrich, St. Louis, MO). This will indicate what % of cells is yet viable under oxidative stress (exerted by H~2~O~2~ or COM). MTT reagent (1 mg/mL) was added to the six-well plate that was then incubated for 3 h at 37 °C. After MTT was discarded, dimethyl sulfoxide (DMSO) was added to the plate and the absorbance of formazan solution (purple color) was read in a microplate reader. Cell viability was expressed by the % of sample readings relative to the controls (100%).

Lipid peroxidation (LPO) assay {#s2d}
------------------------------

The severity of oxidative stress was assessed by the LPO assay, by measuring the amount of malondialdehyde (MDA) formed in the plasma membrane, due to oxidative stress \[[@R22]\]. As MDA is an end product from peroxidation of polyunsaturated fatty acids, the severity of oxidative stress can be indicated as: the more MDA formed, the greater oxidative stress. The LPO colorimetric assay kit (Abcam, Cambridge, MA) was used and the procedures were described in the vendor's protocol. The amount of MDA formed (in each sample) was then expressed by μM determined from the MDA standards.

Assays for hexokinase (HK) activity {#s2e}
-----------------------------------

HK activity was determined by the HK Colorimetric Assay Kit (Biovision, Milpitas, CA) following the manufacturer's protocol with minor modifications. Control or agents-treated cells were lysed in HK buffer provided and supernatant (cell lysates) was obtained by centrifugation. The NADH standards and cell lysates (20 μg per sample) were prepared in the 96-well plate and the reaction was started by the addition of reaction mix (containing substrate). Immediately the plate was placed in a microplate reader and the absorbance changes with time were monitored at 450 nm for 20 min with 5-min intervals. All readings were calculated and normalized and then HK activity was expressed by the % of sample activity relative to the controls (100%).

Determination of cellular ATP level {#s2f}
-----------------------------------

The cellular ATP level was determined using the ATP Colorimetric Assay Kit (Biovision, Milpitas, CA) following the manufacturer's protocol. The reaction was started by the addition of cell lysates (20 μL) to the reaction mixture in the 96-well plate. All samples including ATP standards (without cell lysates) were read at 570 nm on a microplate reader and ATP content in sample was calculated using ATP standards. The cellular ATP level was expressed by the % of sample readings relative to the controls (100%).

Cell cycle analysis {#s2g}
-------------------

A BD FACscan flow cytometer (Becton-Dickinson, Franklin Lakes, NJ), equipped with a double discrimination module, was employed for cell cycle analysis. Cells (about 1 × 10^6^ cells) were resuspended in propidium iodide solution and incubated for 1 h at room temperature. Approximately 10,000 nuclei from each sample were analyzed on a flow cytometer, and CellFit software was used to quantify cell cycle compartments to estimate the % of cells distributed in the different cell cycle phases.

Statistical analysis {#s2h}
--------------------

All data were presented as mean ± standard deviation (SD), and statistical differences between groups were assessed with the unpaired Student's *t*-test or one-way analysis of variance (ANOVA). Values of P \< 0.05 are considered to indicate statistical significance.

Results {#s3}
=======

Effects of H~2~O~2~ or COM on LLC-PK~1~ cell viability {#s3a}
------------------------------------------------------

Cytotoxic effect of oxidative stress on renal epithelial LLC-PK~1~ cells was assessed. Cells were treated with H~2~O~2~ (0 - 100 μM), a positive mediator of oxidative stress, for 24 h and cell viability was determined. Such study showed that cell viability was significantly reduced to about 70%, 50%, and 20% with 30, 70, and 100 μM H~2~O~2~, respectively ([Fig. 1a](#F1){ref-type="fig"}).

![(a) Dose-dependent effects of H~2~O~2~ on LLC-PK~1~ cell viability. Cells were treated with varying concentrations of H~2~O~2~ (0 - 100 μM) for 24 h and cell viability was determined by MTT assay. All data are mean ± SD from three independent experiments (\*P \< 0.05). (b) Dose-dependent effects of COM on cell viability. Cells exposed to varying concentrations of COM (0 - 500 μg/mL) for 6 h were assayed for cell viability. The data are mean ± SD from three separate experiments (\*P \< 0.05).](jocmr-08-908-g001){#F1}

Similarly, cytotoxic effect of COM shown to exert oxidative stress \[[@R10]\] was also assessed. Our pilot study has indicated that 6-h exposure with varying concentrations of COM was sufficient to induce adverse effects on cell viability (data not shown). Cells were exposed to COM (0 - 500 μg/mL) for 6 h, followed by MTT assay. COM concentrations ≥ 300 μg/mL led to a significant cell viability reduction, which further declined to about 30% with 500 μg/mL ([Fig. 1b](#F1){ref-type="fig"}).

Thus, these results suggest that both H~2~O~2~ and COM are indeed capable of reducing cell viability, presumably through oxidative stress. The estimated IC~50~ values for H~2~O~2~ and COM were 70 μM and 400 μg/mL, respectively ([Fig. 1a, b](#F1){ref-type="fig"}). Hereafter, the rest of our study was carried out following the experimental conditions with "24-h H~2~O~2~ (70 μM)" and "6-h COM (400 μg/mL)".

Antioxidant effect of PE on oxidative stress exerted by H~2~O~2~ or COM {#s3b}
-----------------------------------------------------------------------

To verify if H~2~O~2~ and COM exert oxidative stress, we directly assessed the severity of their oxidative stress by LPO assay. As damaging the plasma membrane by oxidative attack takes place at the early time, cells were exposed to H~2~O~2~ (70 μM), COM (400 μg/mL), or PE (50 μg/mL) alone and its combination with H~2~O~2~ or COM for 3 or 6 h. LPO assay showed that no apparent changes in the amount of MDA formed were seen in control or PE-exposed cells ([Fig. 2](#F2){ref-type="fig"}). However, H~2~O~2~ and COM led to about 3.3-fold and 2.2-fold increase (compared to controls) in the MDA amounts at 6 h, respectively ([Fig. 2](#F2){ref-type="fig"}). Such an MDA increase was yet significantly reduced by about 20% and 22% with PE in H~2~O~2~- and COM-exposed cells, respectively ([Fig. 2](#F2){ref-type="fig"}). Therefore, both H~2~O~2~ and COM appear to exert severe oxidative stress on LLC-PK~1~ cells but PE with antioxidant activity is capable of effectively blocking such oxidative assault.

![Severity of oxidative stress assessed by LPO assay. Cells were exposed to H~2~O~2~ (70 μM), COM (400 μg/mL), PE (50 μg/mL), or PE (50 μg/mL) combined with either H~2~O~2~ (70 μM) or COM (400 μg/mL), for 3 or 6 h. The amounts of MDA formed, assessed by LPO assay, were plotted against times. All data are mean ± SD from three separate experiments (\*P \< 0.03 and \*\*P \< 0.05 compared with controls).](jocmr-08-908-g002){#F2}

Renoprotective effect of PE against oxidative stress {#s3c}
----------------------------------------------------

We next examined if PE might also protect renal cells from oxidative attack. Cells were exposed to H~2~O~2~ (70 μM for 24 h), COM (400 μg/mL for 6 h), or PE (50 μg/mL for 24 h) alone and its combination with H~2~O~2~ or COM. MTT assay showed that both H~2~O~2~ and COM alone led to a significant (about 50%) reduction in cell viability, which yet went up to about 70% and 76% with PE in H~2~O~2~- and COM-exposed cells, respectively ([Fig. 3](#F3){ref-type="fig"}). Thus, PE may effectively protect renal cells from oxidative stress, implying its renoprotective effect.

![Renoprotective effect of PE against oxidative stress. Cells were treated with H~2~O~2~ (70 μM for 24 h), COM (400 μg/mL for 6 h), PE (50 μg/mL for 24 h), or PE combined with H~2~O~2~ (for 24 h) or COM (for 6 h). Cell viability was determined and the data are mean ± SD from three independent experiments (\*P \< 0.05; \*\*P \< 0.03).](jocmr-08-908-g003){#F3}

Effects of COM on glycolysis {#s3d}
----------------------------

Although we now know that COM could exert oxidative stress and reduce cell viability, it is yet uncertain "how" it is done. To address the relevance of this COM-induced cell viability reduction to nephrolithiasis, its cytotoxic mechanism was further explored. In particular, we examined the effects of COM on glycolysis, which is a major metabolic process for generating cellular energy (ATP) required for cellular activity, proliferation and survival \[[@R23], [@R24]\]. Two glycolytic parameters, HK activity and ATP synthesis, were examined to assess the status of glycolysis. Cells were exposed to COM (400 μg/mL) or PE (50 μg/mL) alone or their combination (COM + PE) for 6 h and assayed for HK activity and ATP synthesis. Compared to controls (100%), HK activity and ATP level declined to about 43% and 38% with COM, respectively ([Fig. 4](#F4){ref-type="fig"}). This indicates that glycolysis is critically inhibited by COM, leading to cellular ATP depletion, followed by the growth cessation. However, PE significantly increased such COM-reduced HK activity and ATP level up to about 67% and 62%, respectively ([Fig. 4](#F4){ref-type="fig"}). Therefore, PE may effectively prevent the glycolysis inhibition induced by COM, by sustaining the high levels of HK and cellular ATP.

![Inhibitory effect of COM on glycolysis and its prevention with PE. Cells exposed to COM (400 μg/mL), PE (50 μg/mL), or PE combined with COM for 6 h were assayed for HK activity and cellular ATP level. All data are mean ± SD from three separate experiments (\*P \< 0.05 compared with COM-treated cells).](jocmr-08-908-g004){#F4}

Effect of COM on cell cycle {#s3e}
---------------------------

As the glycolysis inhibition has been also shown to interfere with cell cycle \[[@R25]\], this possibility was tested next. Cells were exposed to COM (400 μg/mL) or PE (50 μg/mL) alone or their combination (COM + PE) for 6 h and subjected to cell cycle analysis. Compared to controls, the G~1~-phase cell population increased to 69.2% (i.e., about 41% increase) while the S-phase population decreased to 20.5% (about 47% decrease) with COM exposure ([Fig. 5](#F5){ref-type="fig"}). This accumulation of cells in the G~1~ phase is known as a G~1~ cell cycle arrest \[[@R26]\], which would subsequently lead to the growth cessation and cell viability reduction. However, PE significantly decreased the G~1~ cell population (increased by COM) to 59.1% and increased the S population (reduced by COM) to 30.3% ([Fig. 5](#F5){ref-type="fig"}). These findings suggest that some of cells trapped in the G~1~ phase were moving/entering to the S phase, partially reversing a G~1~ cell cycle arrest. Thus, COM may substantially induce a G~1~ arrest (by interrupting the G~1~-S cell cycle progression) but PE is capable of partially blocking it, allowing the cells to continue proliferating.

![Cell cycle analysis. Cells exposed to COM (400 μg/mL), PE (50 μg/mL), or PE combined with COM for 6 h were subjected to cell cycle analysis. The data are representatives of three independent experiments (\*P \< 0.05 compared with controls).](jocmr-08-908-g005){#F5}

Discussion {#s4}
==========

Despite numerous studies on nephrolithiasis being currently underway, the pathogenesis of kidney stone has not been fully understood. Nowadays, oxidative stress is increasingly believed to play a significant role in nephrolithiasis \[[@R08], [@R09]\]. CaOx or its crystal form known as COM has been shown to exert detrimental oxidative stress on renal cells, ultimately leading to kidney stone formation \[[@R05], [@R10]\]. Exploring such a cytotoxic mechanism may give us a better understanding of nephrolithiasis. We also believe that it is crucial to find certain natural agents with the improved preventative effect on stone formation but with few side/adverse effects.

In this study, we examined if a bioactive mushroom extract, PE, might have antioxidant and renoprotective effects on renal tubular epithelial LLC-PK~1~ cells under oxidative stress mediated through H~2~O~2~ or COM. Both H~2~O~2~ and COM significantly reduced cell viability with the IC~50~ of 70 μM and 400 μg/mL for H~2~O~2~ and COM, respectively. Such a cell viability reduction was also associated with severe oxidative stress exerted on cells ([Fig. 2](#F2){ref-type="fig"}). However, PE was capable of significantly reducing the severity of such oxidative stress ([Fig. 2](#F2){ref-type="fig"}) but increasing cell viability reduced by oxidative stress ([Fig. 3](#F3){ref-type="fig"}). Therefore, PE may have antioxidant activity against oxidative stress, protecting renal cells from destructive oxidative attack.

We yet know little about how oxidative stress mediated through H~2~O~2~ or COM would lead to the cell viability reduction and how PE might prevent it. Nevertheless, it should be noted that our aim was to address if COM would exert oxidative stress, cause renal cell injury, and may eventually facilitate kidney stone formation. We then found that COM did exert oxidative stress (assessed by LPO assay) and induced renal cell injury evidenced by a significant reduction in cell viability. This finding is virtually comparable to what we found in H~2~O~2~. It should be reminded again that H~2~O~2~ was used as just a positive mediator of oxidative stress in this study.

We next explored how such a COM-induced cell viability reduction was carried out, focusing on glycolysis. It is a metabolic process where glucose goes through the glycolytic pathway and is eventually converted to ATP. This energy (ATP) metabolism is the key to cell proliferation and survival \[[@R23], [@R24]\]. There are several crucial parameters that can be used to assess the status of glycolysis, and two of such parameters, HK activity and ATP synthesis, were chosen for assessing how glycolysis would be affected by COM-mediated oxidative stress. HK is one of the key glycolytic enzymes involved in the first step in glycolysis, which is also the irreversible committed step \[[@R23]\]. A blocking or inhibition of this step will shut down the rest of the glycolytic pathway, resulting in no new ATP synthesis or critical ATP depletion. In fact, both HK activity and cellular ATP level were significantly reduced by COM ([Fig. 4](#F4){ref-type="fig"}), indicating the inhibition of glycolysis. However, PE significantly increased the COM-reduced HK and ATP levels, implying that the glycolysis inhibition by COM was effectively reversed by PE. Thus, COM-mediated oxidative stress could inhibit glycolysis but PE may prevent such an inhibition to keep cells alive and growing.

In addition, we also examined possible effect of COM-mediated oxidative stress on cell cycle and found a G~1~ cell cycle arrest having been induced by COM. However, PE partially reversed such a cell cycle blockage, allowing some of cells to move from the G1 to the S phase. Thus, although COM may target cell cycle, PE could yet block it to ensure cell proliferation.

Taken together, the glycolysis inhibition coupled with a cell cycle arrest induced by COM may account for the growth cessation and cell viability reduction in renal (LLC-PK~1~) cells.

Overall, PE appears to significantly prevent adverse effects mediated through COM, especially protecting renal cells from oxidative attack. This may have significant implication in prevention of CaOx stone formation induced by oxidative stress. During the development of kidney stone, crystallization of CaOx (i.e., COM) is the primary element required for stone formation, but these crystals would never develop into a stone without a "matrix", such as glycoproteins, glycosaminoglycans, or lipids \[[@R27]\]. For instance, as the brush border membrane of renal epithelial cells is rather susceptible to oxidative stress, its membranous debris (due to cell injury) could likely become such a potential matrix for crystal aggregation \[[@R10]\]. As shown in this study, COM could induce a cell viability reduction through cell injury (directly caused by oxidative stress) and also through the glycolysis inhibition and a cell cycle arrest, which would ultimately result in cell death. It is then plausible that such injured or dead cells could be involved in the COM-cell interaction \[[@R09], [@R10]\] and/or become a matrix \[[@R27]\], further promoting stone formation. Nevertheless, if oxidative stress (exerted by COM) were effectively diminished or reduced by certain antioxidants such as PE, that could significantly reduce the incidence of kidney stones, owing to prevention of COM formation as well as protection of renal epithelial cells from oxidative attack.

Although the data obtained from this *in vitro* study look promising and encouraging, more studies using animals (*in vivo*) are required for confirmation and such study is currently underway in our laboratory.

In conclusion, the present study shows that PE has antioxidant and renoprotective effects against severe oxidative stress exerted by H~2~O~2~ or COM. Such oxidative stress would inhibit glycolysis, deplete cellular ATP, and also interfere with the cell cycle progression (a G~1~ cell cycle arrest). These adverse effects may account for the resulting cell viability reduction but could be effectively prevented by PE. Therefore, PE is a promising agent with antioxidant activity, capable of protecting renal cells from oxidative assault, and may also reduce the incidence of CaOx stone cases. Further studies are warranted.
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